Introduction {#sec1}
============

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death worldwide and has a strikingly high mortality rate in China.[@bib1], [@bib2] Until now, surgical liver resection and liver transplantation were effective treatments for early-stage HCC but were unsuitable for the majority of patients at advanced stages of the disease.[@bib3], [@bib4] For patients at the most advanced stages of HCC, the clinical outcome and prognosis following conventional chemotherapy or radiotherapy remain poor because of development of resistance.[@bib5], [@bib6] The presence of HCC stem cells (HCSCs) is the primary cause of failure of traditional treatments for HCC.[@bib7]

Carcinoma stem cells (CSCs) are a minority cell population within tumors and have been proven to possess the abilities of self-renewal and differentiation into heterogeneous lineages of cancer cells; these characteristics confer rapid tumor growth and enhanced resistance to chemotherapy or radiotherapy.[@bib8], [@bib9] Increasing evidence has suggested that HCSCs exhibit higher expression levels of oncogenes and lower expression levels of tumor suppressors involved in the initiation, recurrence, and drug resistance of HCC.[@bib10], [@bib11], [@bib12], [@bib13] Therefore, understanding the molecular mechanism of HCSCs in promoting metastasis and relapse of HCC might facilitate the development of novel therapies to improve the clinical treatment and survival rate of HCC.

Nuclear factor κB (NF-κB) belongs to a family of ubiquitous transcription factors and is widely considered a key regulator in physiological cellular functions, including cell survival, differentiation, and inflammation.[@bib14] Aberrant activation of NF-κB has been observed in various types of human cancer, such as colon cancer[@bib15] and pancreatic cancer.[@bib16] Thus, inhibition of NF-κB has been considered a promising strategy to improve anti-cancer therapies by negatively affecting the gene expression profile of the NF-κB signaling pathway.[@bib17] The COpper Metabolism MURR1 Domain (COMMD) protein family, which is composed of 10 ubiquitously expressed proteins all sharing a structurally conserved C-terminal motif, was recently identified as a new class of proteins that facilitate the assembly of crucial molecular components involved in regulating NF-κB activity.[@bib18], [@bib19] Among the members of the COMMD family, COMMD1 has been the most extensively characterized and operates as a terminator of NF-κB signaling;[@bib20] COMMD1 reduction is associated with cancer progression caused by constitutive NF-κB activation.[@bib21], [@bib22] Another member of the COMMD family, COMMD7 has been identified as a novel NF-κB essential modulator (NEMO)-interacting protein and was reported to function as molecular target in several types of cancers including pancreatic ductal adenocarcinoma[@bib23] and HCC[@bib24], [@bib25] in our previous studies. Moreover, we previously found that COMMD7 positively correlated with the expression of NF-κB, and that the NF-κB signaling pathway could mediate the proliferative and anti-apoptotic effects of COMMD7 in HCC cells.

Thus, the aims of this study were to further investigate the function of COMMD7 and the underlying mechanisms mediating NF-κB activity in HCSCs. For this purpose, the expression of COMMD7, COMMD1, and NF-κB was determined in HCC surgical tissues and HCSCs. Loss-of-function and gain-of-function assay were performed to investigate whether COMMD7 alone or together with COMMD1 is involved in the proliferation and invasion of HCSCs *in vitro*. Moreover, the *in vivo* HCSC models were established to further study the potential use of targeting COMMD7 against HCC progression. Furthermore, bioinformatics analysis of gene expression patterns was performed to explore the downstream molecular mechanisms of COMMD7 involved in regulating the NF-κB signaling pathway of HCSCs.

Results {#sec2}
=======

COMMD7 Was Negatively Correlated with COMMD1 and HNF4α in HCCs {#sec2.1}
--------------------------------------------------------------

Using real-time qPCR analysis, we found that both Nanog and COMMD7 were significantly elevated in 35 pairs of HCC tissues compared with adjacent para-carcinoma tissues ([Figure 1](#fig1){ref-type="fig"}A). On the contrary, low expressions of COMMD1 and HNF4α were observed. Subsequently, we further illustrated the correlation between COMMD7 and COMMD1 or HNF4α. As shown in [Figure 1](#fig1){ref-type="fig"}B, COMMD7 was negatively correlated with COMMD1 (r = −0.6247, p \< 0.001) and HNF4α (r = −0.4642, p = 0.006). Western blot and immunohistochemistry (IHC) were subsequently performed to further validate these findings. The protein expressions of Nanog, COMMD7, and the p65 subunit of NF-κB were all elevated, but COMMD1 and HNF4α were both reduced in representative four fresh HCC tumors compared with their paired adjacent normal tissues ([Figure 1](#fig1){ref-type="fig"}C). Furthermore, IHC revealed that the staining of COMMD7 and COMMD1 were differentially distributed between HCC and para-carcinoma tissues ([Figure 1](#fig1){ref-type="fig"}D).Figure 1Comparison of Nanog, COMMD7, COMMD1, NF-κB, and HNF4α Expression between HCC and Adjacent Tissues(A) Expression of Nanog, COMMD7, COMMD1, and HNF4α in hepatocellular carcinoma (HCC) (cancer tissues \[CTs\]), compared with matched adjacent tissues (ATs). (B) Correlation analysis revealed a significant negative correlation between COMMD7 and COMMD1, and between COMM7 and HNF4α. (C) Western blot assays showed upregulation of Nanog, COMMD7, and NF-κB, and downregulation of COMMD1 and HNF4α in CT, compared with AT samples. (D) COMMD7 and COMMD1 expression in CT and AT samples using immunohistochemistry. Representative images from independent experiments are shown (×200 original magnification; scale bars, 500 μm.). \*\*\*p \< 0.001 versus AT.

High Expressed COMMD7 and Low Expressed COMMD1 in Nanog^+^ HCSCs {#sec2.2}
----------------------------------------------------------------

Next, the expression levels of Nanog, COMMD7, COMMD1, NF-κB, and HNF4α were further detected among Huh7, HL-7702, and Nanog^+^ HCSCs. As shown in [Figure 2](#fig2){ref-type="fig"}A, the expression of COMMD7 in Nanog^+^ HCSCs was significantly higher than that in both Huh7 and HL-7702, whereas COMMD1 and HNF4α were low expressed. The corresponding protein levels of Nanog, COMMD7, COMMD1, and HNF4α presented similar trends using western blot analysis ([Figure 2](#fig2){ref-type="fig"}B). In addition, the expression of the p65 subunit of NF-κB protein was elevated in Nanog^+^ HCSCs compared with Huh7 and HL-7702 cells ([Figure 2](#fig2){ref-type="fig"}B). Furthermore, immunofluorescence (IFC) further confirmed these results ([Figures 2](#fig2){ref-type="fig"}C and 2D) and supported a positive correlation between COMMD7 and NF-κB p65, but a negative correlation between COMMD7 and COMMD1 or HNF4α.Figure 2Expression of COMMD7, COMMD1, NF-κB, and HNF4α in Huh7, HL-7702, and Nanog^+^ HCSCs(A) Expression of Nanog, COMMD7, COMMD1, and HNF4α in Huh7, HL-7702, and Nanog^+^ HCSCs. (B) Protein level of Nanog, COMMD7, COMMD1, NF-κB p65, and HNF4α. (C) Co-localization of COMMD7 and COMMD1. (D) Co-localization of COMMD7 and NF-κB p65. Scale bars, 50 μm. \*\*p \< 0.01; \*\*\*p \< 0.001.

Silencing of COMMD7 Inhibited Nanog^+^ HCSC Proliferation and Metastasis {#sec2.3}
------------------------------------------------------------------------

Considering COMMD7 was significantly elevated in HCC tissues and Nanog^+^ HCSCs, we then performed loss-of-function assays to investigate the function role of COMMD7 in Nanog^+^ HCSCs. As shown in [Figure 3](#fig3){ref-type="fig"}A, short hairpin RNA (shRNA)-targeted COMMD7 was stably transfected in Nanog^+^ HCSCs, which downregulated the expression of NF-κB p65 and upregulated the expression of COMMD1 and HNF4α ([Figures 3](#fig3){ref-type="fig"}B--3D). Besides, knockdown of COMMD7 significantly reduced the proliferation of Nanog^+^ HCSCs (p \< 0.05; [Figure 3](#fig3){ref-type="fig"}E). Hoechst 33258 staining and flow cytometry showed that sh-COMMD7 transfection effectively increased cell apoptotic rate ([Figures 3](#fig3){ref-type="fig"}F and 3G). In addition, the effect of COMMD7 on Nanog^+^ HCSCs mobility was determined. As shown in [Figure 3](#fig3){ref-type="fig"}H, representative images of the wound healing assay and transwell Matrigel invasion assay show that the migration and invasion of the sh-COMMD7 transfection group was significantly inhibited.Figure 3The Effect of Stable Transfection of COMMD7 shRNA on Cell Proliferation, Apoptosis, Migration, and Invasion in Nanog^+^ HCSCs(A and B) The expression of COMMD7 (A) and COMMD1 (B) mRNA was measured in Nanog^+^ HCSCs after COMMD7 knockdown using real-time qPCR analysis. (C) Western blot assays analysis of Nanog, COMMD1, NF-κB, and HNF4α. (D) Immunofluorescence images of COMMD7 and COMMD1. (E) CCK-8 assay was performed to evaluate proliferative ability. (F and G) Hoechst 33258 staining (F) and flow cytometry assay (G) were performed to quantify the apoptotic rate. (H) Cell migration and invasion ability determined by wound healing and transwell invasion assay. (I) The subcutaneous xenograft murine model and representative images of tumors formed in the mice implanted with sh-COMMD7 or blank lentivirus-transfected Nanog^+^ HCSCs. (J) Changes in the tumor volume every 2 days from day 10 until day 26 after the cells were implanted subcutaneously (n = 10). (K) Expression analysis of COMMD7, COMMD1, NF-κB, and HNF4α in tumor tissues collected from mice. Scale bars, 50 μm. \*p \< 0.05; \*\*\*p \< 0.001 versus vector.

To confirm the above findings, stable COMMD7-silenced Nanog^+^ HCSCs were injected separately into nude mice. Results showed that the volume of tumors was significantly suppressed in mice inoculated with COMMD7-silenced Nanog^+^ HCSCs compared with control groups ([Figures 3](#fig3){ref-type="fig"}I and 3J). In addition, the expression levels of COMMD7 and p65 in tumors in the sh-COMMD7 group were lower, whereas the expression levels of COMMD1 and HNF4α were higher than those in the control group ([Figure 3](#fig3){ref-type="fig"}K), suggesting that the expression of COMMD7 is correlated with the tumor growth of Nanog^+^ HCSCs.

COMMD1 and COMMD7 Co-regulated Level of NF-κB p65 {#sec2.4}
-------------------------------------------------

It has been demonstrated that COMMD1 and COMMD7 are involved in the termination of NF-κB signaling,[@bib26] but our previous study found that COMMD7 could promote HCC growth by activating NF-κB.[@bib24] To investigate their exact roles, Nanog^+^ HCSCs were transfected with pcDNA3.1-COMMD1 alone or together with pcDNA3.1-COMMD7 or sh-COMMD7, respectively. The expression of COMMD1 was significantly elevated after single pcDNA3.1-COMMD1 transfection, but reduced after co-transfection with COMMD1 and COMMD7, which were confirmed by real-time qPCR ([Figure 4](#fig4){ref-type="fig"}A) and western blotting analysis ([Figure 4](#fig4){ref-type="fig"}B). Additionally, we found the expression of HNF4α was induced by COMMD1 ([Figure 4](#fig4){ref-type="fig"}B). Furthermore, we detected the expression of p65 in the nucleus and cytoplasm after COMMD1 overexpression or co-transfection with COMMD1 and COMMD7. As shown in [Figure 4](#fig4){ref-type="fig"}C, following COMMD1 increase, the entry of p65 to the nucleus was inhibited, and there was an accumulation of p65 in the cytoplasm following co-expression of COMMD1 and COMMD7 in Nanog^+^ HCSCs. Similar trends were also confirmed by IFC assays ([Figure 4](#fig4){ref-type="fig"}D), suggesting that the expression of p65 could be suppressed after co-expression of COMMD1 and COMMD7, but enhanced after single COMMD7 overexpression.Figure 4Co-expression of COMMD1 and COMMD7 Suppressed the Expression of the NF-κB Signaling PathwayNanog^+^ HCSCs were transfected with empty vector, pcDNA3.1-COMMD1 alone, pcDNA3.1-COMMD1 + pcDNA3.1-COMMD7, or pcDNA3.1-COMMD1 + sh-COMMD7, respectively. (A) The expression of COMMD1 and COMMD7 was determined using real-time qPCR analysis. Western blotting analysis was performed to detect the expression of (B) COMMD7, COMMD1, and HNF4α, as well as (C) NF-κB p65 in the nucleus and cytoplasm, respectively. (D and E) Immunofluorescence images of HNF4α (D) and NF-κB (E). Scale bars, 50 μm. \*\*\*p \< 0.001.

Of note, we found sole COMMD1 overexpression significantly suppressed cell proliferation, promoted cell apoptosis, and inhibited cell migration and invasion compared with empty vector group in Nanog^+^ HCSCs, whereas co-transfection with COMMD1 and sh-COMMD7 partially reversed the effects of sole COMMD1 overexpression on the above cell functions, as determined by CCK-8 assay ([Figure 5](#fig5){ref-type="fig"}A), flow cytometry ([Figure 5](#fig5){ref-type="fig"}B), wound healing assay, and transwell Matrigel invasion assay ([Figure 5](#fig5){ref-type="fig"}C), respectively. These results suggested that COMMD1 and COMMD7 co-regulate activation of NF-κB p65, and that COMMD1 overexpression inhibits proliferation and metastasis of Nanog^+^ HCSCs, which requires the involvement of COMMD7.Figure 5Overexpression of COMMD1 Partially Reversed the Function of COMMD7 in Nanog^+^ HCSCsNanog^+^ HCSCs were transfected with empty vector, pcDNA3.1-COMMD1 alone, pcDNA3.1-COMMD1 + pcDNA3.1-COMMD7, or pcDNA3.1-COMMD1 + sh-COMMD7, respectively. (A) CCK-8 assay was performed to evaluate proliferative ability. (B) Flow cytometry assay was performed to quantify the apoptotic rate. (C) Wound healing and transwell invasion assay were used to determine cell migration and invasion ability. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.

Transcriptional Expression Profile after COMMD7 Knockdown in Nanog^+^ HCSCs {#sec2.5}
---------------------------------------------------------------------------

Based on the above findings, we realized that COMMD7 may play a dual role in regulation of NF-κB signaling. To identify critical genes closely related to the NF-κB signaling pathway involved in Nanog^+^ HCSCs, we used cDNA microarray to analyze the gene expression profiling of the Nanog^+^ HCSCs with or without COMMD7 knockdown. Within the total set of 1,017 differentially expressed genes (DEGs) analyzed, 560 were downregulated and 457 were upregulated in Nanog^+^ HCSCs after COMMD7 knockdown with p value \<0.05 and \|log fold change (FC)\| value \>2.0 or \<0.5 as cutoff criterion. In [Figure 6](#fig6){ref-type="fig"}A, a heatmap based on clustering analysis of upregulated or downregulated genes is shown. The top 10 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for target downregulated genes and upregulated genes are presented in [Figures 6](#fig6){ref-type="fig"}B and 6C, respectively. DEGs involved in the above pathways are summarized in [Table S2](#mmc1){ref-type="supplementary-material"}. Notably, a total of seven DEGs were identified in the downregulated NF-κB signaling pathway, including chemokine C-X-C motif ligand 12 (CXCL12), CXCL2, intercellular adhesion molecule 1 (ICAM1), lymphocyte antigen 96 (LY96), nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor alpha (NFKBIA), protein inhibitor for activated stat 4 (PIAS4), and tumor necrosis factor alpha-induced protein 3 (TNFAIP3), which may play important roles in COMMD7-mediated regulation of the NF-κB signaling pathway.Figure 6Bioinformatics Analysis of Gene Expression Patterns Involved in NF-κB Signaling Pathway in Nanog^+^ HCSCs(A) Heatmap generated by hierarchical clustering of differentially downregulated or upregulated expressed genes in Nanog^+^ HCSCs after COMMD7 knockdown. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of DEGs. (B) For upregulated DEGs, the top 10 enriched pathways are shown. (C) For downregulated DEGs, the top 10 enriched pathways are shown.

### COMMD7 Regulation of the NF-κB Signaling Pathway via Elevated PIAS4 Expression {#sec2.5.1}

The identification of several downregulated genes involved in the NF-κB signaling pathway was validated by real-time qPCR and western blotting. The results indicated that the expression levels of PIAS4, CXCL12, and CXCL2 were all downregulated in Nanog^+^ HCSCs after COMMD7 knockdown ([Figures 7](#fig7){ref-type="fig"}A and 7B). As a previous study showed that PIAS4 could mediate NEMO sumoylation and NF-κB activation,[@bib27] we speculated that PIAS4 might be a key gene in the COMMD7-mediated regulation of the NF-κB signaling pathway. To validate this hypothesis, the expression of PIAS4 was overexpressed in Nanog^+^ HCSCs with COMMD7 knockdown and confirmed by real-time qPCR assay and western blotting ([Figure 7](#fig7){ref-type="fig"}C). PIAS4 overexpression significantly upregulated the expression of p65, but downregulated the expression of NEMO and HNF4α ([Figure 7](#fig7){ref-type="fig"}D).Figure 7Overexpression of PIAS4 Influenced the Effect of COMMD7 Knockdown in Nanog^+^ HCSCs(A and B) The expression of PIAS4 was determined using real-time qPCR (A) and western blotting (B) analysis of the protein level of CXCL12, CXCL2, and PIAS4 in Nanog^+^ HCSCs after COMMD7 knockdown. Then the COMMD7-silenced Nanog^+^ HCSCs were transfected with empty vector or pcDNA3.1-PIAS4. (C) The mRNA expression of PIAS4 after PIAS4 overexpression. (D) Western blotting analysis of the protein expression of NEMO, p65, HNF4α, and PIAS4. The proliferative ability, apoptotic rate, migration, and invasion were evaluated using (E) CCK-8 assay, (F) flow cytometry assay, and (G) wound healing and transwell invasion assay in Nanog^+^ HCSCs, respectively. \*p \< 0.05; \*\*\*p \< 0.001 versus vector or sh-COMMD7.

Subsequently, the *in vitro* experiments showed that PIAS4 overexpression significantly reversed the suppressive effects of COMMD7 knockdown on cell proliferation, migration, and invasion in Nanog^+^ HCSCs, as detected by cell counting kit 8 (CCK-8) assay ([Figure 7](#fig7){ref-type="fig"}E), flow cytometry (FCM) assay with Annexin V-fluorescein-5-isothiocyanate (FITC) and PI staining ([Figure 7](#fig7){ref-type="fig"}F), wound healing assay, and transwell Matrigel invasion assay ([Figure 7](#fig7){ref-type="fig"}G), respectively. These findings further demonstrated that COMMD7 knockdown could suppress the activation of p65, possibly through downregulation of PIAS4-mediated NEMO sumoylation.

Discussion {#sec3}
==========

Our previous research has shown that COMMD7 is correlated with a novel NF-κB-positive feedback loop in HCC cells. Moreover, NF-κB directly binds to the COMMD7 promoter and serves as an activator for COMMD7 transcription.[@bib25] Inconsistent with our previous findings, reports indicated that COMMD7 binds to the IκB kinase alpha (IKK) complex through NEMO and induces degradation of p65 leading to the termination of NF-κB signaling.[@bib19], [@bib26] Based on these facts, we further investigated the function of COMMD7 and the underlying mechanisms mediating NF-κB activity in HCCs using Nanog^+^ HCSCs, a pivotal therapeutic target in the eradication of HCCs. Similarly, our data have shown that COMMD7 and p65 are overexpressed in HCCs with a negative correlation to COMMD1. COMMD7, p65, and Nanog were also aberrantly overexpressed in the human HCSC line, compared with the HCC cell line, Huh7, and normal liver cell line, HL-7702. These results strongly suggest that COMMD7, COMMD1, and NF-κB may play key roles in Nanog^+^ HCSCs biological function, participating in the development and progression of HCC.

Given the relatively higher expression of COMMD7 in Nanog^+^ HCSCs, we performed loss-of-function assays to investigate its function in HCSCs. The results showed that knockdown of COMMD7 significantly suppressed cell proliferation, migration, and invasion, but promoted cell apoptosis in HCSC models. Moreover, COMMD7 knockdown inhibited tumorigenesis in HCSC mouse models. Our results were consistent with the outcome of COMMD7 silencing in HCC cells through regulation of CXCL10[@bib28] and in pancreatic ductal adenocarcinoma cells, in which cell proliferation was suppressed through cell-cycle arrest and apoptosis.[@bib23] Further analysis showed that HCSCs and mouse models expressed elevated amounts of COMMD1 and HNF4α, but reduced expression of COMMD7 and p65 after COMMD7 knockdown. Nanog is a well-studied transcription factor that has been reported to be overexpressed in human tumor tissues[@bib29], [@bib30] and is a biomarker of progenitor or stem cells in HCC.[@bib31], [@bib32] HNF4α, a highly conserved member of the nuclear receptor superfamily of ligand-dependent transcription factors, is expressed at relatively low levels in cancers of different organs, including colon cancer[@bib33] and HCC.[@bib34] There is also growing evidence that HNF4α acts as a master regulator of liver morphogenesis and hepatocyte differentiation, and has anti-proliferation and tumor suppression functions in the liver.[@bib35], [@bib36] In disagreement with a previous study, we have found that COMMD7 knockdown inhibits NF-κB activity.[@bib19] But the signaling pathway underlying COMMD7 regulating NF-κB activity in HCSCs still remains unclear.

Currently, a possible explanation has been put forward that COMMD7 works in concert with COMMD1 to inhibit NF-κB signaling.[@bib26] Considering the relatively lower expression of COMMD1, we thought it would be unlikely to detect the complex of COMMD1 and COMMD7 in Nanog^+^ HCSCs. To validate this hypothesis, COMMD1 was overexpressed in Nanog^+^ HCSCs. The *in vitro* experiments indicated that overexpression of COMMD1 alone could significantly suppress cell proliferation, promote cell apoptosis, as well as inhibit cell migration and invasion in Nanog^+^ HCSCs, whereas co-transfection of both COMMD1 and COMMD7 could partially reverse these effects of single COMMD1 overexpression. Surprisingly, the entry of p65 to the nucleus was gradually inhibited following an increase in COMMD7 expression, causing an accumulation of p65 in the cytoplasm during the co-expression of COMMD1 and COMMD7 in Nanog^+^ HCSCs. Based on these findings, we reasoned that overexpression of COMMD7 alone could enhance the accumulation of p65 in the cytoplasm, but co-overexpression of both COMMD7/COMMD1 terminates NF-κB signaling.

Furthermore, we performed bioinformatics analysis to identify critical genes underlying COMMD7-mediated promotion of the NF-κB signaling pathway in Nanog^+^ HCSCs. Among several downregulated DEGs participating in the NF-κB signaling pathway, PIAS4 was screened as a potential key gene in Nanog^+^ HCSCs after COMMD7 knockdown because it has been reported to mediate NEMO sumoylation and NF-κB activation.[@bib27] In agreement with this, PIAS4 overexpression significantly reversed the inhibitory effects of COMMD7 knockdown on cell proliferation, cell apoptosis, as well as migration and invasion in Nanog^+^ HCSCs. The data reported here demonstrate that silencing of COMMD7 results in a selective mechanism of suppressing PIAS4 expression and PIAS2-mediated NEMO sumoylation, causing the downregulation of p65.

In summary, this study demonstrates that COMMD7 mediates positive and negative regulation of the NF-κB signaling pathway in Nanog^+^ HCSCs. During positive regulation, overexpression of COMMD7 alone increases the expression of NF-κB p65 by elevating PIAS4 mediating NEMO sumoylation. During negative regulation, co-overexpression of both COMMD7/COMMD1 terminates NF-κB signaling. Although the exact mechanism underlying COMMD7 regulation of NF-κB signaling requires further investigation, these preliminary findings identify COMMD7 as a potentially useful therapeutic target for the improvement of HCC outcomes.

Materials and Methods {#sec4}
=====================

Cancer Specimens and Tissue Microarray {#sec4.1}
--------------------------------------

A total of 35 matched pairs of primary HCC tissue (cancer tissue \[CT\]) specimens and adjacent tissue (AT) specimens, as well as HCC tissue microarrays from patients with HCC who underwent curative resection, were provided by the Department of Hepatobiliary Surgery in the Second Affiliated Hospital of Army Medical University. HCC tissue specimens and corresponding paired AT tissue specimens were snap frozen in liquid nitrogen and stored at −80°C before use. All specimens were confirmed by pathological examination. None of the patients had received chemotherapy or radiotherapy before surgery. Clinical staging was performed according to the International Union for Cancer Control (UICC). The clinicopathological data of all samples were well documented including age, sex, tumor-node-metastasis (TNM) stage, and lymph node metastasis.

Ethics {#sec4.2}
------

Written informed consent was obtained for all patient samples. This study was approved by the institutional review board of the Second Affiliated Hospital of Army Medical University.

Immunohistochemistry {#sec4.3}
--------------------

The relevant immunohistochemical staining was performed on arrayed tissues as previously reported.[@bib37] In brief, the sections were subsequently rinsed in PBS for 5 min and then incubated with primary antibody against COMMD7 (1:150; Abcam) or COMMD1 (1:100; Abcam) at 4°C overnight. Sections incubated without the primary antibody were used as negative controls. The sections were then incubated with horseradish peroxidase (HRP)-labeled secondary antibody (1:5,000; Cell Signaling, USA). Immunostaining was scored independently by two pathologists in a blinded manner.

Cell Lines and Culture {#sec4.4}
----------------------

The human HCC cell line Huh7 and HL-7702 hepatocytes were purchased from Cell Bank of Shanghai Institute, Chinese Academy of Sciences. Huh7 and HL-7702 cells were cultured in RPMI-1640 medium (Invitrogen, USA) containing 10% heat-inactivated fetal bovine serum (FBS; GIBCO), 1% penicillin and streptomycin. The Nanog^+^ HCSCs were obtained by performing FCM to sort HCC cell lines after infection with Lv-PNanog-GFP as described previously.[@bib38] Nanog^+^ HCSCs were cultured in DMEM/F12 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with B27 (catalog no. 17504-044; GIBCO, Grand Island, NY, USA). All cell lines were maintained in a humidified incubator at 37°C under 5% CO2.

Cell Transfection {#sec4.5}
-----------------

For knockdown of COMMD7, three pre-designed shRNAs targeting COMMD7 (sh-COMMD7-1, sh-COMMD7-2, sh-COMMD7-3) and the corresponding negative control (NC) were lentivirus packaged by Shanghai GenePharma (Shanghai, China). Nanog^+^ HCSCs were plated in a six-well plate (2 × 10^5^/well) and cultured for 2 days, then 20 μL of virus with a titer of 10^8^ TU/mL (contains at least 1 × 10^8^ biologically active virus particles per milliliter of virus solution) was added for 48 h. To analyze the effects of the combination of COMMD7 with COMMD1, COMMD1, or COMMD7 overexpression, plasmids (pcDNA3.0-COMMD1 or pcDNA3.1-COMMD7) and their corresponding vector were purchased from GenePharma. Subsequently, Nanog^+^ HCSCs were seeded in a six-well plate (2 × 10^5^/well) and transfected with NC vector or pcDNA3.1-COMMD1, respectively. Moreover, Nanog^+^ HCSCs transfected with pcDNA3.1-COMMD1 were further classified into two groups as follows: COMMD1 + COMMD7 group (HCSCs transfected with pcDNA3.1-COMMD1 were transfected with pcDNA3.1-COMMD7) and COMMD1 + sh-COMMD7 group (HCSCs transfected with pcDNA3.1-COMMD1 were transfected with sh-COMMD7). For PIAS4 overexpression, PIAS4 overexpression plasmid (pcDNA3.1-PIAS4) was also purchased from GenePharma. Then Nanog^+^ HCSCs transfected with sh-COMMD7 were transfected with pcDNA3.1-PIAS4.

All cell transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Following transfection, HCSCs were examined for the downregulation of COMMD7 and the upregulation of COMMD1, COMMD7, or PIAS4 by real-time qPCR, western blotting, and immunofluorescence, and cells were used for further experiments.

Real-Time qPCR {#sec4.6}
--------------

Total RNA was isolated using TRIzol reagent (Invitrogen, USA). Reverse transcription reaction and cDNA synthesis were performed using the M-MLV Reverse Transcriptase (Promega) according to the manufacturer's instructions. The real-time qPCR analysis was performed on Stratagene Mx3000P Real-time PCR (Agilent) with 20 μL of DBI Bestar SybrGreen qPCR Master Mix. The primers used in this study are listed in [Table S1](#mmc1){ref-type="supplementary-material"}. The 2-ΔΔCt method[@bib39] was used to calculate relative gene expression relative to GAPDH. The experiment was performed three times, in triplicate each time.

Western Blotting {#sec4.7}
----------------

Fresh HCC tissues or cell samples were lysed in 2× SDS lysis buffer at 4°C and boiled for 5 min. After centrifuging at 12,000 × *g* for 10 min at 4°C, the supernatant was collected and the protein was quantified using a bicinchoninic acid (BCA) protein assay kit. Subsequently, proteins were separated by 10% SDS-PAGE gel electrophoresis and transferred onto polyvinylidene fluoride (PVDF) membranes. Next, the membranes were blocked in 5% nonfat milk dissolved in Tris-buffered saline with Tween 20 (TBST) solution for 1 h at room temperature followed by incubation with primary antibodies against Nanog (1:1,000, ab153419; Abcam), COMMD7 (1:2,000, \#9742; Cell Signaling), COMMD1 (1:1,000, \#24640; SAB), NF-κB p65 (1:1,500, 19553-1-AP; Proteintech), HNF4α (1:1,000, \#2947; Cell Signaling), NEMO (1:3,000, \#23870; SAB), CXCL12 (1:1,000, \#36120; SAB), CXCL2 (1:4,000, \#24681; SAB), PIAS4 (1:2,500, \#8709; Cell Signaling), histone H3.1 (1:2,000, \#9265; Cell Signaling), β-actin (1:1,000, \#5762; Cell Signaling), and GAPDH (1:10,000, 10494-1-AP; Proteintech) at 4°C overnight. After washing three times, the membranes were then incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. The signals of proteins were detected with enhanced chemiluminescence (ECL) as described by the manufacturer (Beyotime, China). GAPDH or β-actin protein was used as an internal control in cytoplasm. Histone H3.1 was used as the internal control in the nucleus.

Immunofluorescence {#sec4.8}
------------------

For immunofluorescence, cells were fixed in 4% paraformaldehyde and then washed with PBS for 5 min. Next, cells were incubated with primary antibody against COMMD7, COMMD1, p65, or HNF4α at 4°C overnight, followed by incubation with FITC-labeled goat against secondary antibody (Beyotime Institute of Biotechnology). Cells were counterstained with DAPI to label the nucleus. Samples were observed using an inverted fluorescence microscope (Olympus Corporation, Japan).

Cell Proliferation Assay {#sec4.9}
------------------------

A CCK-8 assay was performed to evaluate the proliferative ability of Nanog^+^ HCSCs. In brief, cells were seeded at a density of 2 × 10^4^ cells per well in 96-well tissue culture plates and incubated for 24, 48, and 72 h. Then, 10 μL of CCK-8 (5 g/L; Dojindo, China) was added to each well, and cells were incubated for 1 h. The optical density (OD) value was read at 450 nm using a microplate reader (Bio-Rad, USA).

Hoechst 33258 Staining Assay {#sec4.10}
----------------------------

Following different treatments, Nanog^+^ HCSCs were seeded at 4 × 10^5^ cells per well in six-well plates for 24 h. After washing twice with PBS, cells were incubated with 5 μM Hoechst 33258 (Sigma, St. Louis, MO, USA) for 30 min in the dark at room temperature. Cells were washed with 0.5% Triton X-100 in PBS and then examined for changes in nuclear morphology using a fluorescence microscope (Olympus, Tokyo, Japan).

Cell Apoptotic Assay of HCSCs by FCM {#sec4.11}
------------------------------------

Cell apoptosis was further confirmed by FCM using an Annexin V-FITC and PI double-staining kit. In brief, Nanog^+^ HCSCs were harvested by trypsinization and washed with PBS. After centrifuging at 1,500 × *g* for 3 min at room temperature, the apoptotic cells were resuspended in Annexin V binding buffer. Then, a total of 5 μL of Annexin V-FITC and 5 μL of PI (KeyGen, China) were successively added to the cells and incubated for 15 min in the dark at room temperature. After incubation, the stained HCSCs were analyzed by FCM (FACSCalibur; BD Biosciences, USA). The percentage of Annexin V^+^ cells divided by the total number of cells was calculated and expressed as the overall apoptosis rate in the gated region. All experiments were performed three times in triplicate.

Wound Healing Assay {#sec4.12}
-------------------

Wound healing assay was performed to assess cell migration in Nanog^+^ HCSCs. In brief, cells were seeded onto six-well plates until they reached 80%--90% confluence. The medium was then discarded and a wound field was made using a sterile 200-μL pipette tip through the cell layer in each well. Subsequently, the wound closure was quantified at 0 and 24 h post-wound, respectively. The rate of migration was calculated by measuring the remaining un-migrated area using ImageJ.

Transwell Matrigel Invasion Assay {#sec4.13}
---------------------------------

For the invasion assay, transwell chambers with 8.0-μm pore size (Costar, USA) were pre-coated with 30 μL of Matrigel (BD Biosciences, USA), placed into 24-well plates, and incubated for 30 min. After 48-h transfection, Nanog^+^ HCSCs were trypsinized and placed into the upper chamber, whereas 10% FBS was added into the lower chambers as a chemoattractant. Twenty-four hours later, non-migratory cells were removed using cotton swabs. The migrated cells on the lower surface were fixed and stained with crystal violet for 20 min, followed by quantification under a light microscope in five randomly selected fields.

Tumorigenicity Assay in Nude Mice {#sec4.14}
---------------------------------

Six-week-old nude mice were provided by Vital River Laboratory Animal Technology (Beijing, China). Prior to inoculation, two groups of Nanog^+^ HCSCs were prepared: NC lentivirus-transfected Nanog^+^ HCSCs and sh-COMMD7 lentivirus-transfected Nanog^+^ HCSCs. A total of 20 mice were randomized into two groups with 10 mice in each group. Each mouse was subcutaneously injected in the right flank with the above two types of cells (2 × 10^6^) in 0.1 mL of PBS. Once tumors were formed, the measurement of the tumor volume (V) was performed by caliper daily using the formula V = (L × W^2^)/2, where L was the length and W was the width of the tumor every 2 days from day 10. Growth curves were plotted using average tumor volume within each experimental group. After 26 days, the mice were euthanized, and the dissected tumors were prepared for subsequent analyses. All animal experiments were approved by the Institutional Committee for Animal Research and performed according to the Guide for the Care and Use of Laboratory Animals.

Microarray Expression Analysis {#sec4.15}
------------------------------

Total RNAs were isolated from cells using the QIAGEN RNeasy Mini Kit (Valencia, CA, USA) and purified using the RNeasy Mini kit (QIAGEN, Valencia, CA, USA) according to the manufacturer's instructions. For microarray analysis, total RNA was amplified and transcribed into fluorescent cRNA with Agilent Quick Amp Labeling protocol (version 5.7; Agilent Technologies), and then hybridized to the Agilent SureHyb microarray chip (Agilent Technologies). The microarrays were then automatically washed and scanned using Agilent DNA Microarray Scanner. The Agilent Feature Extraction software (v11.0.0.1) was used to analyze the acquired array images and obtain scaled quantitative information. Data were subsequently normalized, and the DEGs were analyzed using Agilent GeneSpring GX v12.1 software (Agilent Technologies). The DEGs were screened using cutoff criteria of p value \<0.05 and \|log FC\| value \>1.5 or \<0.5. All DEGs were further analyzed with unsupervised hierarchical clustering based on the standard correlation of logarithmic transformed data.

KEGG Pathway Enrichment Analysis {#sec4.16}
--------------------------------

The KEGG is a database used to assign sets of DEGs to specific pathways.[@bib40] KEGG pathway enrichment analysis of DEGs was performed using DAVID, with gene counts ≥5 and p \< 0.05 set as threshold values to find critical genes closely related to the NF-κB signaling pathway involved in HCSCs initiation and progression.

Statistical Analysis {#sec4.17}
--------------------

All statistical calculations were carried out using SPSS version 19 (IBM Corporation, USA). All results were expressed as the mean ± SD. The differences in Nanog, COMMD7, COMMD1, or HNF4α expression between HCC tissues and ATs were analyzed using Wilcoxon signed rank test. Pearson's correlation coefficient was determined between COMMD7 and COMMD1 or HNF4α expression of HCC tissues using GraphPad Prism 5.0 software. Statistical comparisons for continuous variables were performed using Student's t test between two groups and one-way ANOVA in more than two groups. Each experiment was repeated at least three times. The p value \<0.05 was considered statistically significant.
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